Abstract
Introduction

41
River regulation and the construction of barriers for hydropower generation, irrigation, and drinking 42 water supply has led to a global increase in the number of anthropogenically impacted water bodies 43 (Grill et al. 2015) . There is thus a need to develop a flexible scalable approach for assessing the effects of manmade 81 barriers on longitudinal connectivity for Atlantic salmon, that considers the production potential of 82 different habitats, the potential effects of PMBs under a range of passability values and provides the 83 information necessary for local and national prioritisation of management resources. 84
The objectives of this study are to: 1) understand and illustrate the effects of IMBs on inter-85 catchment variability in habitat connectivity for Atlantic salmon using a recently derived landscape -86 habitat quality model (Malcolm et al. in press); 2) develop a scalable approach for prioritising barrier 87 removal or easement at national and local scales based on the value of habitats for Atlantic salmon; 88
3) determine the effect of alternative habitat quality weightings (i.e., river length, wetted area, 89 juvenile abundance) on the assessment of barrier impacts; and 4) explore the potential importance 90 of PMBs for connectivity within a sensitivity framework. 91 Orkney and Shetland Islands due to a lack of electrofishing data (Malcolm et al. in press) . 100
Consequently, these areas were also excluded from the current analysis leaving a final set of 605 101 catchments, of which 221 contain manmade barriers to fish migration (Figure 1 Centre for Ecology and Hydrology (CEH) digital river network (hereafter DRN). Prior to analysis, any 113 standing waters or rivers above impassable natural barriers were assigned a zero weighting as these 114 habitats are either inaccessible or considered to be of negligible value for juvenile salmon 115 production. River widths were derived from the Ordnance Survey MasterMap Water Polygons 116 dataset using the methods described by Jackson et al. (2017) has been maintained and updated by the Scottish Environment Protection Agency (SEPA, Table 1 ). In 141 the dataset, barriers are considered "impassable" when <20% of fish are considered able to pass a 142 barrier in an upstream direction. 143
For the purposes of this analysis, IMBs and impassable natural barriers were assigned a passability 144 value of 0, hence these are full barriers to migration (Groups 1 and 3 in Table 1 ). Natural barriers 145 that are passable under certain conditions were assumed to have a passability of 1, meaning they 146 were assumed to be passable 100% of the time in an up-and downstream direction (Group 2 in 147 Table 1 ). This is recognised as a simplification, but is a pragmatic approach where detailed local 148 information is not available on the passability of individual barriers and natural barriers were not the 149 focus of the study. PMBs were assumed to be fully passable except where the potential effects of 150 changing passability were explored (Objective 4). The proportion of IMBs and PMBs were similar and 151 make up ca. 20% and 27% of all barriers or ca. 43% and 57% of manmade barriers, respectively 152 (Group 3 and 4, Table 1 ). 153 154 Where information on habitat quality is available, this can be used to emphasise the 179 ecological/functional importance of river segments, providing a more ecologically relevant measure 180 of impact compared to basic measures of river length or wetted area. In these cases, the metric of 181 habitat quality in each river reach can be used to replace ( ) and the sum of the habitat quality 182 metric replaces ( ). The habitat weighting ( ) used in this study was the total sum of national 183 juvenile Atlantic salmon production, which was calculated as the product of the river length, channel 184 width and density predictions from the national juvenile density model for Scotland (Malcolm et al. 185 in press). This measure of DCI was scaled to (1) the total potential production of salmon fry in each 186 catchment (DCICatch) and (2) the total potential production of salmon fry in Scotland (DCIScot) by 187 varying . The former approach provided an assessment of inter-catchment variability in 188 connectivity and the latter provided an approach for ranking barrier impacts at both national and 189 local scales and for assessing the potential impacts of PMBs. 190 Only 126 catchments contained IMBs. Of the top 20 impacted catchments, the DCICatch ranged from 220 0% -52.3%, however, of these, 13 had an area <35km 2 (Table 2 ). There were three catchments 221 where river access is prevented by an IMB at the outflow, resulting in a DCICatch value of 0%. The 222 largest of these was the River Almond catchment (ca. 395km There were substantial differences in the impact rankings of individual barriers depending on the 262 habitat weightings that were applied. The maximum differences in barrier rank between the salmon 263 production and river length barrier assessment were -370 and 279. The maximum difference in 264 barrier rank between the salmon production and wetted area weightings were smaller, but still 265 substantial, ranging between -181 and 145. A comparison of all the barrier ranks across the three 266 datasets suggests greater agreement between salmon production and wetted area (WA) weightings, 267 than between salmon production and length weightings (Figure 4) . 268
Assessing the impacts of IMBs
Assuming the production weighting provides the most appropriate prioritisation of barriers, 269 overestimations of barrier rank occur where the WA (Fig. 5a) or length (Fig. 5c) upstream of an IMB 270 is large but the production value (i.e. habitat quality) is small. Conversely, underestimates occur 271 when WA (Fig. 5b) and length (Fig. 5d) Erős et al. 2018) . In this study, salmon fry production was used to 323 infer the value and quality of habitat. Importantly, the current study suggests that the choice of 324 weighting is important and that alternative weightings can result in substantially different 325 assessments of barrier impacts and rankings and that this could result in sub-optimal management 326 decisions. 327
The potential impacts of PMBs are often ignored, despite increasing recognition of the potential 328 impacts they pose to migratory fish species (Gowans et analytical framework used in this study can be readily updated to include more detailed knowledge 341 on fish passage as it becomes available. 342
Scotland has a long history of industrial development that has affected the connectivity of its rivers 343 through the construction of mill, weirs, lades and latterly hydropower infrastructure (Payne 1988) . 344
However, there is also a long history of fisheries management and river conservation that dates back 345 to the formation of the River Tweed Commission in 1807, where the protection of fish passage was a 346 primary driver. It is therefore reassuring to note that the combination of environmental protection 347 and barrier removal in recent decades is reflected in high levels of river connectivity across most of 348
Scotland's river catchments. Those catchments that remain heavily impacted are often small and of 349 limited value to salmon fisheries or reflect the presence of major infrastructure that would be 350 expensive to remove or improve (e.g., hydropower dams and infrastructure). Nevertheless, the 351 analysis provided in the current study provides a framework for planning and funding further 352 improvements. The barriers dataset used in this study is being constantly updated as barriers are added, altered or 369 removed. However, not all barriers may be included. In particular, natural impassable barriers are 370 likely to be underestimated. This could result in an overestimate of the availability of habitat above 371
IMBs. In the future, improved characterisation of natural barriers will emerge from the National 372
Electrofishing Programme for Scotland (NEPS 2018) , where an understanding of salmon distribution 373 and the presence of barriers informs the selection of sites for status assessments. 374
Our results show the importance of characterising the passability of barriers to reliably determine 375 connectivity. To date, our analyses have focussed specifically on the effects of barriers on Atlantic 376 salmon as that was the species for which the current barriers dataset was developed. Looking 377 forwards there will need to be a re-assessment of the passability of barriers to other fish species for 378 which management is proposed. It is recognised that this is a serious challenge as the passability of a 379 barrier results from complex interactions between species, flow, the characteristics of the barrier 380 and any fish passes that may be present. While obtaining this information will be a significant 381 challenge, the current analysis framework could readily incorporate these data as they become 382 available. 383
The national salmon fry density model used in this study was designed for salmon assessment 384 purposes. Specifically, it was designed to provide a benchmark for healthy salmon populations 385 against which electrofishing data could be compared. At present the model does not include 386 "pressure" data in the predictions. As such it is possible that potential fish production would not be 387 realised on removal of a barrier due to the presence of other pressures in the river system that 388 affect production (e.g., acidification or abstraction). Future iterations of the national juvenile salmon 389 density model will aim to incorporate the effects of hydrological and morphological pressures where 390 these are recorded consistently at the national level thereby providing more realistic expectations of 391 the benefits of barrier removal. 392
Finally, it is acknowledged that a formal cost-benefit analysis must be undertaken when prioritising 
